Facultative expression of alternative male morphologies is thought to allow individual males to select the phenotype with the highest fitness gain given their competitive status relative to other males with which they compete for females. Choice of, or switching between, morphs commonly relies on developmental threshold responses. Evolutionary changes in developmental threshold responses are thought to provide an important avenue for phenotypic diversification and the evolution of morphological and behavioral novelties. However, the extent to which alternative male phenotypes and their underlying threshold responses actually evolve in natural populations is unclear. Likewise, the ecological factors that shape the evolution of threshold responses in natural populations are unexplored for most organisms, as are the consequences of such modifications for patterns of morphological diversity. I examined the ecological basis of rapid threshold evolution in exotic populations of the horn-polyphenic dung beetle Onthophagus taurus. Male O. taurus vary continuously in body size as a function of larval feeding conditions. Only males that exceed a critical threshold body size develop a pair of long horns on their heads, whereas males below this threshold remain hornless. Populations in two exotic ranges of this species, the eastern United States and western Australia, have diverged in the mean threshold body size, which has resulted in the evolution of highly divergent and novel horn length-body size allometries in these populations. Populations in a third and previously unstudied exotic range of O. taurus in eastern Australia exhibit threshold body sizes roughly intermediate between the eastern U.S. and western Australian populations. I tested three hypothesis to explain how differences in ecological and demographic factors can drive allometric divergences between populations, using data derived from comparative, standardized sampling of a large number of populations in each exotic range. Results suggest that differences in the intensity of both intra-and interspecific competition have contributed to the evolution of divergent thresholds in these populations. My results do not support the hypothesis that shifts in threshold body sizes to larger body sizes are a consequence of increases in the mean body size of competing males. I discuss my results in the context of Onthophagus mating systems and the evolutionary implications of threshold evolution.
P olyphenism can be defined as a single genotype's ability to express two or more discrete phenotypes in response to differences in external conditions, and represents an extreme yet common case of adaptive phenotypic plasticity (Nijhout, 1999) . Facultative expression of alternative phenotypes is predicted to evolve when (1) a heterogeneous selection environment produces a reversal of fitness rankings of phenotypes across environments, (2) genotypes lack the ability to select only those environments suitable for their expression, and (3) some aspects of the environment send reliable signals to a developing individual as to the type of environment it is likely to encounter (Lively, 1986a,b; Moran, 1992) . A particularly interesting case of polyphenic development involves the facultative expression of alternative reproductive morphologies within one sex, usually males (Crespi, 1988; Radwan, 1993; Moczek, 1998) . Here, differences in the social environment experienced by different males are thought to be crucial for the origin and maintenance of alternative male phenotypes (Travis, 1994; West-Eberhard, 1989 . Such differences may arrise from differences in the competitive status of males, which in many taxa can be a direct consequence of the animal's own phenotype such as its body size (Dominey, 1984; Hazel and Smock, 1993; Hazel et al., 1990; Gross, 1996; Gross and Repka, 1998) . For example, relatively small or large males, by virtue of their different competitive status, often experience very different social conditions and hence selective environments. Such status-dependent selection may then result in the evolution of size-dependent expression of alternative reproductive morphs and behaviors, provided genotypes can predict their future competitive status during development based on some reliable environmental cue (Gross, 1996) .
An important implication of this perspective is that a given male's competitive status is, by definition, a relative measure and a function of its own phenotype relative to the mean phenotype in the population within which it competes (Hazel and Smock, 1993) . Consequently, as a population's mean phenotype changes, so does a given male's competitive status, even though his absolute phenotype may remain constant (Dominey, 1984; Hazel and Smock, 1993; Hazel et al., 1990; Gross, 1996; Gross and Repka, 1998) . This view also allows for a better understanding of another important aspect of alternative reproductive phenotypes: the switch point, or threshold, that typically separates alternative morphs. As the competitive status of an individual changes, it is expected to switch phenotypes as the fitness gain associated with the original phenotype is outweighed by the fitness gain associated with the alternative phenotype (Figure 1a ,b; point of equal fitness, sensu Dominey, 1984; Gross, 1996) . If the relative fitness of a morph depends on its competitive status relative to other members of the population, this optimal switch point then, too, becomes a property of a population (Gross, 1996) . Consequently, differences in ecological or demographic conditions may select for different optimal switch points or thresholds in different populations (e.g., Emlen, 1997; Moczek and Emlen, 1999) . Given genetic variation for the threshold, this could then lead to evolutionary divergence among populations in the critical threshold separating alternative morphologies and associated behaviors (Figure 1c, d) . However, despite considerable theoretical attention and important evolutionary implications, insights into how developmental thresholds evolve in natural population remain scarce. Likewise, the ecological factors that shape the evolution of threshold responses in natural populations are unexplored for most polyphenic organisms, as are the consequences of such modifications for patterns of morphological and behavioral diversity.
I explored a case of rapid threshold evolution in the hornpolyphenic dung beetle Onthophagus taurus. Male O. taurus vary continuously in body size as a function of larval feeding conditions (Moczek, 1998) . Only males that exceed a critical threshold body size develop a pair of long, curved horns on their heads, whereas males below this threshold remain hornless or develop only rudimentary horns (Figure 2 ; Moczek, 1998; Emlen and Nijhout, 1999) . As a consequence of this threshold, natural populations are composed of two discrete horned and hornless male phenotypes separated by a clearly defined threshold body size (Figure 2 ; see also Paulian, 1935) .
Male horn polyphenism in O. taurus plays an important role in male reproductive behavior as the two male morphs rely on strikingly different reproductive tactics to acquire matings (Moczek, 1999; Moczek and Emlen, 2000) . Matings, resource provisioning for larvae, and oviposition take place exclusively in tunnels in and underneath dung pads, and gaining access to tunnels that contain females is therefore crucial for a male's reproductive success (Moczek and Emlen, 2000) . Large, horned males guard tunnel entrances that contain females and rely on aggressive behaviors involving fights and the use of horns as weapons to deter rival males. Three factors have been shown to influence male fighting success. In pairwise encounters larger males almost always win over smaller-sized competitors (Emlen, 1997) . In fights between similar-sized males, the possession of long horns clearly increases a male's chances of winning a fight (Emlen, 1997; Moczek and Emlen, 2000) . Finally, horned males are able to monopolize tunnel access when competing against a small number of smaller males but lose their monopoly as the number of competing males increases . Hornless males, on the other hand, rely on nonaggressive behaviors to secure breeding opportunities and sneak copulations. Earlier studies showed that the possession of horns appears detrimental to the performance of males that engage in sneaking behaviors (Moczek and Emlen, 2000) . Combined, these findings support the hypothesis that both fighting and sneaking males benefit from their respective horned and hornless morphologies (Moczek and Emlen, 2000) .
Onthophagus taurus originally exhibited a Mediterranean distribution (Balthasar, 1963) . In the late 1960s O. taurus became introduced accidentally to the eastern United States (Fincher and Woodruff, 1975) . Around the same time, O. taurus was introduced deliberately to eastern and western Australia to help control cow dung and dung-breeding flies (Bornemissza, 1976; Doube et al., 1991; Tyndale-Biscoe, 1990; Waterhouse, 1974) . Although the exact origin of the eastern United States introduction is unknown, the beetle's introductions into eastern and western Australia are well documented. Both Australian introductions were derived from the same source populations collected originally in Spain, Greece, and Turkey (Australian Meat Research Council, 1982; Tyndale-Biscoe, 1990 . Since introduction to eastern and western Australia, both Australian ranges have been largely, if not entirely, isolated from one another (TyndaleBiscoe, 1996; Weir T, Feehan J, personal communication) .
Recent work demonstrated that since introduction, populations in the eastern United States and western Australia have diverged in the critical threshold body size to a degree normally observed only between species . Threshold divergence is maintained in the field and laboratory over generations and reflects genetic modifications of the developmental machinery that produces alternative male morphs (Moczek and Nijhout, 2002a) . Threshold divergence between eastern U.S. and western Australian populations resulted in the evolution of horn length-body size scaling relationships previously unrepresented in the native range of this species (Moczek and Nijhout, 2003) . Here I document that populations in a third and previously unstudied exotic range of O. taurus in eastern Australia exhibit a threshold body size roughly intermediate to eastern U.S. and western Australian populations. I then examine the ecological and demographic mechanisms that may have driven allometric divergences between these three exotic ranges. Specifically, I tested the three hypotheses described below.
Intraspecific competition hypothesis
Differences in the degree of intraspecific competition may affect threshold body sizes in two ways. First, male O. taurus compete with each other in dung pads for access to females. A horned male's ability to gain and maintain access to females through fighting decreases with an increase in the number of males with which he has to compete . Under low-density conditions, male-male encounter frequencies in dung pads are likely to be low, and even medium-sized horned males may be able to deter rival males effectively enough to gain relatively higher fitness through fighting and the development of horns rather than through sneaking. Under such conditions, selection may favor a relatively low threshold body size. As the density of males per pad increases, however, the likelihood that a guarding male will be challenged by one or more intruders increases as well. Under high-density conditions, medium-sized males may no longer be able to maintain access to females through fights. Instead, such males may maximize fitness by remaining hornless and engaging in sneaking behaviors. Under such conditions, selection may favor a relatively high threshold body size.
Second, female O. taurus compete with each other for access to dung, which constitutes a patchy and ephemeral resource crucial for female reproduction (Hanski and Cambefort, 1991; Moczek, 1999; Otronen, 1988; Rasmussen, 1994) . Female O. taurus use dung to provision food for their offspring in the form of brood balls. Brood balls are built inside tunnels and constitute the sole food source for developing larvae (Moczek, 1998) . Without access to dung, female O. taurus are unable to reproduce. Under low-density conditions, most females will be able to secure enough dung to reproduce, resulting in a relatively even ratio of competing males to breeding females and relatively low levels of malemale competition. As the densities of competing females in a dung pad increases, females will eventually become resource limited, and a growing proportion of females will fail to secure enough dung to reproduce. Under such conditions, a relatively large number of males will compete for access to a relatively small number of breeding females. As a consequence, the overall intensity of male-male competition should increase. As before, increased levels of male-male competition should in turn limit the profitability of fighting behavior to only but the largest males and favor a corresponding shift to a relatively high threshold body size. The intraspecific competition hypothesis therefore predicts a positive correlation between male threshold body sizes and population densities (Figure 3a-c) .
Interspecific competition hypothesis
In nature, O. taurus commonly competes with other species for access to dung pads (e.g., Giller and Doube, 1989; RidsdillSmith, 1993) . Low levels of interspecific competition for dung should allow a relatively large portion of O. taurus females to secure enough dung to breed. In such a population, male O. taurus will compete for access to a relatively large number of breeding females, resulting in relatively low levels of malemale competition. As before, under such conditions selection is predicted to favor a relatively low threshold body size. As levels of interspecific competition increase, however, an increasing proportion of O. taurus females will be denied the opportunity to breed. Under such conditions males will compete for access to a relatively small number of breeding females, causing levels of male-male competition to increase ( Figure 3d ). As before, increased levels of male-male competition should in turn limit the profitability of fighting behavior to only the largest males and favor a shift of the threshold body size to relatively larger body sizes (Figure 3e ). The interspecific competition hypothesis thus argues that increased competition from other species that compete for dung can intensify male-male competition indirectly by increasing the proportion of females that are unable to breed due to resource limitation. The interspecific competition hypothesis therefore predicts a positive correlation between male threshold body sizes and the densities of competing species (Figure 3f ).
Differential body size hypothesis
In O. taurus, male fighting success is in part determined by male body size (Moczek and Emlen, 2000) . A male's competitive status can therefore be considered a function of its own body size relative to the mean body size of males in the population within which he competes for mates. If the mean male body size in a population changes, so should the competitive status of a given male, even if his absolute body 
Figure 3
Ecological mechanisms of threshold evolution in onthophagine beetles. (I) Intraspecific competition hypothesis: (a) increasing local densities intensify male-male competition via increasing male encounter rates inside dung pads. Increased local densities also result in an increase in the relative proportion of females that fail to secure breeding opportunities due to resource limitation. This in turn causes the ratio of competing males to breeding females to become more male biased and causes levels of male-male competition to intensify. (b) As local densities increase and male-male competition intensifies, sneaking behavior becomes more profitable than fighting behavior over a wider range of male body sizes, selecting for a shift of the critical threshold body size, t 1 , to a larger body size, t 2 . (c) The intraspecific competition hypothesis therefore predicts a positive correlation between male threshold body sizes and O. taurus densities. (II) Interspecific competition hypothesis: (d) increasing competition from other species that compete for the same ephemeral resource crucial for reproduction (dung) indirectly intensifies male-male competition by increasing the proportion of females that are unable to breed due to resource limitation. This in turn causes males to compete for relatively fewer breeding females and causes levels of male-male competition to increase. Consequently, as interspecific competitor densities increase, male-male competition intensifies. (e) This in turn limits the profitability of fighting behavior to only but the largest males, causes sneaking behaviors to become more profitable over a wider range of body sizes, which selects for a shift of the critical threshold body size to larger body sizes. (f) The interspecific competition hypothesis therefore predicts a positive correlation between threshold body sizes of male O. taurus and the densities of competing dung beetle species. (III) Differential body size hypothesis: (g) changes in the mean body size of competing males (x 1 to x 2 ) alter the average body size of males with which a given male has to compete for access to females. If the competitive status of a male is determined by its own body size relative to that of other males in the same population, then changes in mean male body size should alter the competitive status of a given male, even if his own body size remains the same. (h) In a population with a relatively small mean male body size, males of an intermediate body size (on an absolute scale) may maximize their fitness through fighting and the development of horns, whereas in a population with a relatively large mean male body size, these same intermediate-sized males may fare better by remaining hornless and engaging in sneaking behaviors. Increases in the mean male body size in a population are therefore predicted to cause increases in the threshold body size that separates horned and hornless male morphs. (i) The differential body size hypothesis therefore predicts a positive correlation between male threshold body sizes and mean male body size in a population. size remains the same. In a population with a relatively small mean male body size, males are therefore predicted to switch from the hornless to the horned morph at a relatively small threshold body size. Individuals in populations with relatively large mean male body size are instead predicted to delay the switch to a relatively larger body size (Figure 3g , h). The differential body size hypothesis therefore predicts a positive correlation between male threshold body sizes and mean male body size in a population (Figure 3i ). This hypothesis was proposed earlier by Emlen (1996) to explain seasonal fluctuations in body size thresholds in O. acuminatus.
I used abundance data for O. taurus and competing dung beetle species collected from a large number of sites in three exotic and allometrically divergent ranges of O. taurus to test the predictions of the intra-and interspecific competition hypotheses. Estimates of populationwide mean male body sizes obtained from the same sites were used to test the predictions of the differential body size hypothesis.
METHODS

Sampling method
General
Recent studies indicate that male encounter rates and the intensity of male-male competition are directly proportional to the number of males present in a dung pad or experimental arena (Moczek, 1996; Hunt and Simmons, 2002) . Furthermore, several studies have shown that dung removal rates increase with the number of conspecifics present in a given dung pad (Giller and Doube, 1989; Ridsdill-Smith et al., 1982) and that dung beetles, rather than other dung-associated insects, provide by far the greatest contribution to the removal of above-ground dung on Australian and eastern U.S. pastures (Bornemissza, 1970 (Bornemissza, , 1976 Hanski and Cambefort, 1991; Ridsdill-Smith, 1993) . Other dung beetles, rather than other dung-associated insects, are therefore most likely to exert significant interspecific competition for dung onto O. taurus populations (Hanski and Cambefort, 1991; Ridsdill-Smith, 1993) . I therefore used the average densities of O. taurus and other dung beetle species in naturally occurring dung pads as an approximation of the degree of intra-and interspecific competition likely to be present in a given O. taurus population. The sampling method used in the present study (see below) was designed to accurately and reliably estimate the densities of O. taurus and co-occurring dung beetles in natural dung pads and proved very efficient in quantifying densities of dung beetles .1.5 mm in body size, including O. taurus and all of the exotic and native species known to contribute significantly to the removal of above-ground dung on eastern U.S. and Australian pastures (Bornemissza, 1976; Doube et al., 1991; Tyndale-Biscoe, 1990 Waterhouse, 1974) . Beetles ,1.5 mm in body size, such as small Aphodius species, could not be extracted reliably enough to allow for accurate density estimates and were therefore excluded from the analysis, as were dung flies and other dung-feeding and dung-associated insects. However, because these species are likely to exert comparatively little, if any, interspecific competition on O. taurus, their exclusion from the analysis is unlikely to affect the general conclusions of this study (Ridsdill-Smith, 1991) .
Design and application I collected beetles from naturally occurring cattle and horse dung pads. Once a dung pad of appropriate age (see below) was located, the entire pad or a portion thereof was quickly transferred into a heavy-duty plastic bag, weighed to the nearest 10 g using a high-sensitivity Pesola TM spring scale, and then transferred into heavy-duty plastic containers. Containers were designed to separate beetles from dung and consisted of two round plastic containers (30 cm diam, 11.5 cm high), one stuck inside the other. The inner container had approximately 280 holes (9 mm diam) drilled into the bottom to allow beetles to follow their natural flight response and to escape into the space between the inner and outer container. This method proved sufficient to extract .95% of all dung beetles .1.5 mm in body size that inhabited a dung pad (Moczek, unpublished data) . Beetles that accumulated in the space between containers were subsequently transferred into sample bottles, killed, and preserved in 70% ethanol. I checked the dung that remained in the inner container by hand for any leftover beetles, which, if present, were added to the sample. I sampled five to ten dung pads per site in this fashion. External conditions such as temperature, rainfall, and time of day commonly affect dung beetle activity. To standardize sampling conditions, I sampled sites only between 1200 and 1600 h on days with high temperatures exceeding at least 25 C and no rainfall during the preceding 24 h. Only dung pads were sampled whose texture and temperature indicated that they were produced in the morning of the collecting day and thus were able to attract potential dung beetles for several hours. In dung pads of this age, the majority of dung beetles has not yet begun to engage in tunneling behavior and can therefore be found above ground. Dry and old pads, and pads which were already largely buried due to dung beetle activity, were not used in this study. I used the same collecting containers and collecting protocol in each exotic range throughout the course of the entire project.
Sampling sites and dates
The active period of Onthophagus taurus in Australia ranges roughly from December to early May (Feehan J, Hunt J, personal communication), whereas U.S. populations are generally active from May to September (Moczek, unpublished data 
Data collection
Abundances I sampled a total of 180 dung pads as described above. Samples were cleaned, sorted according to species, and counted. Several sites exhibited remarkably high densities of tunneling dung beetles, with the combined dung beetle mass accounting for up to 20% of pad weight. Consequently, I corrected all dung pad weights for beetle weight by weighing 100 randomly selected individuals of each of the common species, dividing this estimate by 100, and multiplying it with the actual number of individuals of each species found in a given sample. I calculated the weight of rare species using the average weight of common species of similar body sizes.
Beetle weights were then summed over all species found in a given sample and subtracted from the original dung pad weight to obtain net dung pad weights. Finally, abundances were standardized for 1 kg dung to correct for variation in net dung pad weights. I collected 54,381 dung beetles belonging to at least 15 different species during this study. Species identities were confirmed using specimens at the Australian National Insect Collection, CSIRO, Canberra. Of all beetles collected, 98.2% belonged to five highly abundant species: O. taurus, O. binodis, Euoniticellus intermedius, E. pallipes (all introduced), and Onthophagus australis (native). All five species are tunneling dung beetles of roughly similar body sizes that use the same resources (horse and cow dung) as food and for provisioning their offspring in subterranean tunnels in the form of brood balls. I used all samples collected at a given site to calculate mean densities of O. taurus and competing dung beetles for each site.
Morphometric measurements I used morphometric measurements to quantify within and between-range variation in allometries and male body size and the extent to which allometric differences covary with local densities. Therefore, sites used to collect morphometric data were selected to maximize the geographic range of samples and to cover the full amount of variation in beetle densities present within each exotic range. Approximately half of all sites sampled in each exotic range were used to collect morphometric data. I measured beetles using a standard two-dimensional image analysis setup at the Duke University Morphometrics Laboratory (for details, see Moczek and Emlen, 1999) . I used thorax width as an estimate for body size (Emlen, 1994; Moczek, 2002; Moczek and Emlen, 1999) . Estimates of mean male body size for O. taurus at a given site were obtained by measuring thorax width of all male O. taurus collected from up to five dung pads sampled at a given site. I obtained estimates of the average scaling relationship between horn length and body size at a given site by measuring thorax width and horn length of 85 (612) males per site.
Sex ratios I calculated absolute sex ratios for each site by sorting and counting all male and female O. taurus in a given sample. I used two to three samples per site for sites with high densities of O. taurus, and up to 10 samples for sites with low O. taurus densities, to calculate mean sex ratios for each site. Beetles were sexed based on the presence of horns (only large males develop clearly visible horns). Small individuals, which could be hornless males or small females, were sexed based on pygydium morphology using a Wild TM dissecting scope (Balthasar, 1963) .
Statistical analyses
I first analyzed allometric differences between samples globally using a residual analysis. . I then used this equation to predict horn lengths for all possible body sizes. Individual males were then characterized by the degree to which their real horn length differed from the horn length predicted by this reference function (i.e., by their residual horn length). Populations that differed in their scaling relationship between horn length and body size could then be recognized by consistent differences in residual horn lengths (see also Moczek, 2002) . Horn-length residuals were usually not normally distributed, and I therefore used nonparametric Kruskal-Wallis H tests for statistical analyses (Sachs, 1992; Sokal and Rohlf, 1995) . Once significant differences in residual horn lengths were indicated, I repeated the curve-fitting procedure separately for each exotic range to obtain range and site-specific mean and standard error estimates for each regression parameter. I then used repeated Welch's t tests to examine the degree to which differences in particular regression parameters, such as the inflection point or slope, explained allometric differences between samples (Sachs, 1992; Sokal and Rohlf, 1995) .
To compare O. taurus densities, densities of competing dung beetles, male body sizes, and sex ratios, I first calculated means for each sample site. To test for differences between exotic ranges, I then compared site means using nonparametric Kruskal-Wallis H tests. All significance levels reported below are adjusted for multiple comparisons using sequential Bonferroni corrections where this was necessary (Sachs, 1992; Sokal and Rohlf, 1995) . Unless otherwise noted, all data are presented as means 6 SE.
RESULTS
Allometric variation and threshold location in eastern Australian populations
Eastern Australian male O. taurus exhibited significantly smaller horn length residuals than their eastern U.S. counterparts (i.e., expressed significantly shorter horns for a given body size) but exhibited significantly larger residual horn lengths compared to males collected in western Australia (p , .01 for each comparison; Figure 4 ). Comparing range-specific parameter estimates indicated that allometric differences between ranges could be attributed largely to differences in parameter c, or the average threshold body size at which males switched from the hornless to the horned phenotype (p , .01 for each comparison; Table 1, Figure 4 ). Eastern Australian individuals therefore exhibited a threshold body size intermediate to the highly divergent threshold body sizes present in eastern U.S. and Western Australian populations. Eastern, but not western Australian, males also expressed a significantly higher slope coefficient (parameter b) than males collected in the eastern United States (p , .05).
Intraspecific competition hypothesis
All three exotic ranges differed consistently and highly significantly in O. taurus densities. Eastern U.S. populations exhibited the lowest local densities, followed by intermediate densities in eastern Australian and highest densities in western Australian populations (p , .01 for each comparison; Figures 5a and 6a) . Between-range differences in local O. taurus densities correlated with mean threshold body sizes, as predicted by the intraspecific competition hypothesis ( Figures 3b, c and 7a ). These results therefore support the notion that differences in local O. taurus densities could have driven allometric differentiation between exotic ranges. Results also indicated measurable, and in part significant, differences between sites within each exotic range. However, within-range differences did not correlate with significant differences in threshold body sizes, suggesting that density variation on a local level is insufficient to drive allometric divergences (Figures 5a and 7a) .
Interspecific competition hypothesis
Densities of other dung beetle species with which O. taurus competes for dung also differed dramatically between exotic ranges of O. taurus. Eastern and western Australian populations exhibited competitor densities of up to three orders of magnitude higher than those present in eastern U.S. populations (Figure 5b and 6b) . Competitor density differences between eastern U.S. and both Australian populations covaried with mean male threshold body sizes, as predicted by the interspecific competition hypothesis (Figure 7b ). However, there were no significant differences in competitor densities between eastern and western Australian populations, even though male O. taurus in eastern Australia expressed significantly lower threshold body sizes than their western Australian counterparts (p ¼ .38; Figure 7b ). Differences in average threshold body sizes between eastern and western Australian populations can therefore not be attributed to differences in the degree of interspecific competition.
Differential body size hypothesis
Mean male body sizes also differed significantly between exotic ranges of O. taurus (Figure 7c ). However, differences between exotic ranges were in a direction opposite to what was predicted by the differential body size hypothesis. Eastern U.S. males were significantly larger than their western or eastern Australian counterparts. Furthermore, western Australian males as a whole tended to be smaller, rather than larger than their eastern Australian counterparts, again contrary to what was predicted by the differential body size hypothesis (p ¼ .056, Kruskal-Wallis H test, ns after corrections for multiple comparisons were applied; Figure 7c ). Although these data indicate that differences in male body size may have played some role in the evolution of divergent threshold body sizes in exotic O. taurus, they clearly do not support the mechanism envisioned in the differential body size hypothesis as an explanation for allometric divergences between exotic ranges of this species.
Within-season fluctuations of beetle densities
To estimate whether short-term fluctuations in beetle densities during the active season of O. taurus could account for between-range differences in beetle densities, two eastern Australian and eastern U.S. sites were sampled repeatedly at monthly intervals. The results indicate measurable, and in part significant, temporal variation between samples of the same site (Figure 8 ). However, differences between sites within and between ranges remained largely unaffected. Both eastern Australian sites exhibited significantly higher densities of O. taurus and competing species compared to both eastern U.S. sites over the entire sample period (p , .05 for each comparison; Kruskal-Wallis H test including sequential Bonferroni correction for multiple comparisons). These data suggest that, although local population densities are likely to vary during O. taurus's active season, this variation is unable to account for the large-scale, between-range differences in beetle densities detected in the present study.
Sex ratios
All three exotic ranges differed consistently and highly significantly in the average sex ratio found in local dung pads Dashed curve in all panels indicates a best-fit nonlinear regression for all three ranges combined. This regression was used to calculate residual horn lengths (shown in inserts). Solid curves indicate best-fit nonlinear regressions calculated separately for each exotic range (see Table 1 for regression parameters). Inserts: box plots of horn length residuals (with 90/10% confidence intervals) for each exotic range based on best-fit nonlinear regression for all three exotic ranges combined (dashed curve). All three exotic ranges differed significantly in residual horn length (p , .01; Kruskal-Wallis H test including sequential Bonferroni correction for multiple comparisons).
( Figure 9 ). Eastern U.S. populations exhibited female-biased sex ratios, followed by eastern Australian populations with roughly equal sex ratios, whereas western Australian populations exhibited male-biased sex ratios (Figure 9 ).
DISCUSSION
Male horn polyphenism has been observed in a variety of beetle families and appears to be widespread in the Scarabaeidae (Balthasar, 1963, Brown and Siegfried, 1983; Eberhard and Gutierrez, 1991; Halffter and Edmonds, 1982; Kawano, 1997; Matthews, 1972) . It is interesting that closely related species often express similar horned and hornless male phenotypes, but often differ distinctly in the exact scaling relationship between horn length and body size and the exact location of the critical threshold body size that separates alternative male morphs (Emlen, 1996; Kawano, 1995a Kawano, ,b, 1997 Moczek and Nijhout, 2003) . Several studies have therefore suggested that shifts in threshold body sizes have provided an important avenue for morphological diversification in these taxa (Moczek and Emlen, 1999; Emlen, 2000) . However, the extent to which developmental thresholds actually evolve in natural populations and the ecological mechanisms that may drive threshold divergences in nature are poorly understood for most polyphenic organisms and have been a complete mystery for horn polyphenic beetles (Moczek and Nijhout, 2002a) .
The behavioral ecology of horn polyphenisms
Earlier work showed that exotic populations of O. taurus in North Carolina and western Australia have diverged rapidly in Figure 5 Densities of (a) O. taurus and (b) competing species in naturally occurring dung pads standardized for dung pad weight: Eastern United States (white bars), eastern Australia (gray bars), western Australia (black bars). Each bar represents one site within one of the three exotic ranges. Data are means 6 SE of 4-10 dung pads sampled for each site (Eastern US: D1, Durham I, NC; D2, Durham II, NC; BA, Bahama, NC; As, Asheville, NC; Kn, Knoxville, TN; St, Statesville, NC; Fl, Florence, SC; Br, Brunswick, GA; Sy, Sylvania, GA; Ma, Maxville, FL. Eastern Australia: C1, Canberra I, ACT; C2, Canberra II, ACT; Tu, Tublong, NSW; Ad, Adelong, NSW; Tg, Tumblong, NSW; Co1, Cootamundra I, NSW; Co2, Cootamundra II, NSW; Ta, Tallangatta, VIC; Na, Nashdale, NSW; Ca, Cargo, NSW; Cr, Crowther, NSW. Western Australia: P1, Pinjarra I; P2, Pinjarra II; Ha, Harvey; Ca, Capel; Wi, Witchcliffe; Nn, Nannup; No, Northcliffe; Np, Nornulnup; De, Denmark; Nr, Narrikup). the critical threshold body size in less than 40 years since introduction to a new habitat (Moczek and Nijhout, 2003) .
The results of this study show that O. taurus populations in a third and previously unstudied exotic range in eastern Australia express threshold body sizes roughly intermediate to populations in the eastern U.S. and western Australia. Comparative sampling of dung beetle communities in all three exotic ranges furthermore revealed that per-dung pad densities of O. taurus differed consistently and highly significantly between all three exotic ranges in a direction, as predicted by the intraspecific competition hypothesis (Figure 3a-c) . These results therefore support the notion that differences in the intensity of intraspecific competition for breeding opportunities could have driven allometric divergences between these exotic populations. Per-dung pad densities of competitor species also differed highly significantly between Eastern U.S. and both Australian ranges. Differences between ranges were as predicted by the interspecific competition hypothesis (Figure 3d-f) , suggesting that differences in the intensity of interspecific competition may have contributed to threshold divergences between populations in the eastern United States and Australia. However, the present study found no significant differences in competitor densities between eastern and western Australian populations, even though populations in both ranges expressed distinctly different threshold body sizes. This suggests that differences in threshold body sizes between both Australian ranges may have been driven solely by differential intraspecific competition. The differential body size hypothesis, in contrast, received no support because threshold body sizes did not correlate positively with mean male body sizes (Figure 3g-i) . Instead, eastern U.S. males, which exhibited the smallest threshold body size and were predicted to exhibit the smallest mean male body size, were consistently and significantly larger than their Australian counterparts. Although these data suggest that populationwide differences in body size may play a role in the evolution of novel threshold responses that we do not yet understand, these data clearly do not support the mechanism envisioned in the differential body size hypothesis.
Results also indicated measurable, and in part significant, differences in O. taurus and competitor densities between sites within each exotic range (Figure 7a,b) . However, within-range density differences did not covary with significant differences in threshold body sizes, suggesting that density variation on a local level is insufficient to drive threshold divergences. This may not be surprising as gene flow between sites within each range is likely to be considerable due to the generally high mobility and dispersal power of onthophagine beetles and the lack of efficient dispersal barriers (Barbero and LopezGuerrero, 1992; Hoebecke and Beucke, 1997; MacRae and Penn, 2001) . At the same time, these results underscore the likely importance of geographic isolation as a crucial requirement in the initiation of allometric divergences.
Alternative interpretations
The above interpretations of the data presented here face two important challenges. First, the observed correlations among O. taurus densities, densities of competing species, and the average body size threshold in O. taurus populations could be coincidental and unrelated to the divergent allometries that have evolved in exotic ranges of O. taurus. Because individual sites within each exotic range are likely to exchange individuals, only the three range means can be considered truly independent sample points, which have a 1/6 ¼ 0.167 probability of exhibiting a certain ranking purely by chance. The present study is unable to rule out this possibility.
However, at least two approaches should allow this issue to be addressed. Examination of additional exotic ranges of O. taurus, or native and exotic ranges of other horn polyphenic Onthophagus species, could provide additional, independent data points. Alternatively, quantification of fitness ratios of horned and hornless males of identical body sizes under a range of external conditions would allow for a more rigorous, experimental examination of the intra-and interspecific competition hypotheses. I am currently exploring both avenues to further shed light on the role of ecology and demography in shaping allometric variation.
The second major challenge to the results presented here arises from the common observation that insect population dynamics can be highly erratic and variable over a range of time scales (Andrewartha and Birch, 1954) . As a consequence, local densities measured at a certain time point may not be indicative of densities present at other times. Densities of O. taurus and competing dung beetle species differed remarkably between Australian and U.S. pastures. These differences could theoretically be due to within-or betweenseason fluctuations in beetle densities and unrelated to the allometric divergences observed between exotic O. taurus populations. The present study showed, however, that at least for a single active season this appears not to be the case (Figure 8) . Furthermore, density estimates presented here matched those of earlier studies (United States: Moczek, 1996; western Australia: Dadour et al, 1999; Hunt et al., 1999; Ridsdill-Smith and Hall, 1984; Tyndale-Biscoe, 1990 ), suggesting that between-range differences in beetle densities presented here may be typical for each range and persist across seasons. If this is correct, the question remains why O. taurus and its competitors reach such high densities in Australia, but not in the eastern United States.
One possible explanation for these different geographic densities may lie in the fact that before the arrival of O. taurus in the eastern United States, cow dung was already used by many native Onthophagus and other dung beetle species, which in turn provided an important resource for specialized dung beetle predators, parasitoids, and brood parasites (Davis, 1958; Hanski, 1991; Kohlmann, 1991) . Specialized predators and parasites may therefore help limit current dung beetle populations on eastern U.S. pastures, including those of species such as O. taurus that originally had not been part of the native community. In Australia, however, cow dung is as exotic a resource as are the dung beetles that were released into the continent to help control it (Bornemissza, 1976) . Although more than 200 Onthophagus species are native to Relationship among threshold body size (x-axis) and (a) O. taurus density, (b) competitor density, and (c) mean male body size within and between exotic ranges. Left panels: sites within each exotic range. Right panels: means for each exotic range (open circles: eastern United States, shaded triangle: eastern Australia, solid squares: western Australia). All three exotic ranges expressed highly significantly different threshold body sizes (see Figure 3) . Samples collected from different sites within each exotic range did not differ significantly in threshold body sizes, even though some sites differed considerably in densities or male body sizes. Different letters in the exponent denote significant differences in range-wide mean O. taurus densities, competitor densities, or mean male body sizes, respectively (p , .01; Kruskal-Wallis H test including sequential Bonferroni correction for multiple comparisons). Note that densities are plotted on a logarithmic scale.
Australia (Matthews, 1972; Weir, 1988, 1990) , most are specialized to feed and breed on marsupial dung and do not use cow dung as a resource (Matthews, 1972; Moczek, personal observation) . As a consequence, exotic dung beetles released into Australia in the context of the dung control program are likely to have encountered an environment rich in resource but largely free of native competitors, predators, and parasites, which may have allowed O. taurus and other exotic dung beetles to expand their population densities to levels observed today.
Sex ratios
All three exotic ranges also differed significantly and consistently in the average sex ratio present in natural dung pads. Eastern U.S. populations exhibited female-biased sex ratios, followed by eastern Australian populations with roughly equal sex ratios, and western Australian populations with significantly male-biased sex ratios. Male bias therefore increased with the average density of O. taurus and the overall density of dung beetles that inhabited natural dung pads in each range. Sex ratio differences between strains may reflect rangespecific differences in dung pad colonization behavior and dung pad persistence time of male and female O. taurus (Hunt et al., 1999) , which may have evolved in response to differences in the temporal and spatial availability of dung and breeding females in different exotic ranges. Sex ratio differences between strains may also be a direct consequence of differences in brood ratios and parental sex allocation. If individuals collected from eastern U.S. populations are allowed to reproduce in the laboratory, F 1 larval sex ratios also exhibit a measureable female bias. Four independent replicate lines consisting of 25 pairs of beetles each yielded female-biased larval sex ratios (0.76 6 0.074; n ¼ 4; binomial probability p ¼ .0625) similar to those measured for adults in natural eastern U.S. dung pads (see Moczek and Nijhout, 2002b , for how to sex Onthophagus during the larval stage). This supports the hypothesis that female-biased sex ratios found in eastern U.S. dung pads may indeed be the product of differential sex allocation, rather than due to sex-specific differences in dung-pad colonization behavior.
Sex allocation in favor of one sex may evolve due to differences in the costs associated with producing male and female offspring or differences in the relative reproductive success of male and female offspring (Andersson, 1994; Bourke and Franks, 1995; Clutton-Brock, 1991) . In the present case, intense competition for dung, as in western Australia, may indeed limit average female breeding success more than elevated male-male competition reduces average male reproductive success, and it may therefore be adaptive for parents to produce a male-biased brood ratio under conditions of high intra-and interspecific competition. How exactly densities of conspecifics and of other competing species affect the relative fitnesses of male and female O. taurus remains to be examined. Furthermore, whether eastern and western Australian populations also produce larval sex ratios that correspond to adult sex ratios measured in the field is unknown.
Evolutionary implications of threshold evolution
The results presented here suggest that differences in the degree of intra-and interspecific competition can drive rapid threshold divergences between geographically isolated populations. The degree of intra-and interspecific competition present at a given site is in turn likely to depend on a variety of factors, such as resource availability, predation pressure, or parasite density, which are likely to differ in intensity from one population to another (Giller and Doube, 1989; RidsdillSmith, 1991 RidsdillSmith, , 1993 . As a consequence, geographically isolated populations of onthophagine beetles are bound to differ in at least some of these factors, and therefore between-population divergences in threshold body sizes may be more widespread than currently appreciated.
Allometric diversification via changes in threshold body sizes may in turn have important consequences on several levels. For example, evolutionary changes in the developmental mechanisms that govern horn polyphenism have the potential to cause correlated changes in other developmental and life history events. Recent studies suggested that changes in threshold body sizes in exotic O. taurus populations have been mediated by changes in the degree and timing of sensitivity to juvenile hormone, which in turn has resulted in a correlated change in larval growth dynamics, the duration of larval development, and the timing of pupation, metamorphosis, and eclosion in both male and female larvae (Moczek and Nijhout, 2002a) . Consequently, O. taurus populations that diverge in their horn polyphenism threshold beyond a certain degree may therefore also diverge in a variety of other developmental and physiological traits. A close genetic or developmental correlation between morph expression and other developmental and life-history events has also been implicated in earlier studies on wing-polyphenic crickets and hemipterans (Dingle and Winchell, 1997; Roff et al., 1997 Roff et al., , 1999 Zera and Zhang, 1995) .
The amount of developmental differentiation that accumulates between horn polyphenic populations may become important once populations reestablish contact and hybridize. Hybrids may express intermediate thresholds suboptimal for competition within either parental population. Furthermore, hybrids may have to contend with reduced developmental integration, as their ontogeny is now controlled by developmental mechanisms derived from two developmentally divergent parental strains. Consequently, hybrids may suffer reduced fitness, which may favor the spread of alleles that facilitate assortative mating among members of both parental populations. This, in turn, may lead to the subsequent evolution of reproductive isolation between these populations, an outcome also observed in recent theoretical models (Porter and Johnston, 2002) . Although this scenario is entirely speculative, it provides a plausible and experimentally testable avenue for how divergent competitive regimes can cause geographically isolated populations to diverge in certain developmental and morphological properties, which in turn may foster the evolution of reproductive isolation once these populations come into secondary contact. As a first step toward an empirical examination of this scenario, experiments are underway to quantify if and under what conditions hybrids derived from crosses between allometrically divergent populations suffer reduced fitness relative to parental populations. Should future results support the notion that threshold divergences evolve frequently in natural populations and that such divergences indeed provide a first step toward the evolution of reproductive isolation, this may help explain why the genus Onthophagus, despite several taxonomic revisions in the recent past, remains with more than 2000 species worldwide one of the most species rich genera in the animal kingdom (Balthasar, 1963; Matthews, 1972; Howden and Young, 1981; Weir, 1988, 1990; Villalba et al., 2002 
